The Central Asian vortex (CAV) is an important synoptic-scale system that causes rainstorms, short-term heavy precipitation, hail, and sustained low temperatures in Xinjiang. This paper summarizes the current research conducted on the CAV since the 1960s. The objective definition of the CAV has been revised and a deep and shallow CAV classification proposed. Two high-frequency areas of deep CAV activity are the Kazakhstan hills (Sayan mountains) and the eastern area of the Aral Sea (Tashkent); events mostly occur in summer and 40% cause strong rainfall. In addition, two high-frequency activity areas of the shallow CAV are located in the west and south of the Pamirs Plateau and mostly occur in spring; 23.2% of occurrences cause strong rainfall. The western and eastern water vapor transport relates to westerlies and a strong lowlevel easterly jet stream (LLEJ) extending from Gansu to Xinjiang, respectively, and water vapor over the Tibetan Plateau transports even more northwards and enters Xinjiang. The deep CAV has an obvious cold core structure down to 300 hPa. The conversion terms from eddy available potential energy ðA E Þ to eddy kinetic energy ðK E Þ and eddy kinetic energy inflow ðBK E Þ from the open atmospheric region boundaries are the main sources of K E which cause rapid development of the CAV. The anomalous anti-cyclone center over the northeast Atlantic is the fountain of Rossby wave energy dispersion; Rossby waves propagate from the northeast Atlantic to eastern Europe (Urals (EEU)), and then continuously propagate to Central Asia causing development of the CAV. The CAV requires further study to characterize the meso-scale system structure and evolution characteristics. In addition, physical modeling of the severe convective weather occurring under the CAV is required to determine the critical impacts of this severe convective weather and enable forecasting and early-warning indexes.
Introduction
The Central Asian Vortex (CAV) is a cold vortex system from the east of the Caspian Sea to Xinjiang that appears on a synoptic scale (Zhang et al., 1986; Zhang and Deng, 1987) , which is an important synoptic-scale system that causes rainstorms, short-term heavy precipitation, hail, and sustained low temperatures in Xinjiang (Yang, 2003; Yang et al, 2011 Yang et al, , 2012 Zhang and Wang, 2004; Zhang et al., 2008; Jiang et al., 2005; Daoran et al., 2007; Liu et al., 2007; Kong et al., 2011) . It was responsible for 61% of 116 heavy precipitation events in southwest Xinjiang during 1970e1999, including the two heaviest rainstorms. In addition, 72% of moderately strong precipitation processes that occurred during the same period were also trigged by the CAV (Jiang et al., 2001) . The CAV also has a significant influence on weather and climate in eastern China; for example, the CAV persisted for more than 20 days in January 2008, when at least four troughs with cold air split from it and moved eastward.
Furthermore, it has been a critical feature of rare lowtemperature freezing rain and snow disasters in southern China (Ding et al., 2008; Yang et al., 2008; Bueh et al., 2008; Ji et al., 2008; Shi et al., 2008) .
There are currently insufficient studies relating to the extreme weather and climate in Xinjiang, and little research on the vortex system in Central Asia. However, meteorologists in Xinjiang have recently completed a project with the National Nature Science Foundation of ChinaeDynamic mechanism of the CAV in medium-range processes and its effects on the extreme weather in Xinjiang. The project has improved the definition of the CAV, its spatial and temporal distribution and life historic characteristics have been analyzed, and its effects on the weather in Xinjiang have been classified using daily data collected over the past 40 years. In addition, the researchers have investigated the system configuration of high-, mid-, and low-latitude circulations within rainstorm events due to the CAV in Xinjiang, and the corresponding water vapor transport characteristics. Furthermore, they have comprehensively studied the physical mechanisms involved in the formation and maintenance of the CAV in relation to energy propagation and cycling.
The aim of this study is to summarize the research made in relation to the CAV and to make recommendations for future studies.
Definition, activity laws of the CAV, and its effect on weather in Xinjiang
In the study of Zhang and Deng (1987) , the CAV is defined as a low-pressure circulation system with more than two contours (80 gpm) in the center of the low (60e90 E and 40e60 N) at 500 hPa, and which lasts for more than 48 h. It was found in weather forecast operation that the above vortex range is more northward, with more vortexes at 60 N including Western Siberia vortex, while the area around 40 N misses some vortex influencing southern Xinjiang. A system with a closed cyclonic wind field resulting in severe convective weather has always been observed in southern Xinjiang due to the distinctive topography of Central Asia. However, the previous definition of the CAV (Zhang and Deng, 1987) has now been revised and the vortex has been divided into two distinct types (deep and shallow) according to its structure. The deep CAV has the following characteristics: 1) A low-pressure circulation system with at least two closed contours (80 gpm) that has a lowpressure center located in the region of 60e90 E and 35e55 N at 500 hPa, corresponding to a cold center or apparent cold trough; 2) A vortex in the above region that is maintained for two or more days. This type of vortex mainly exists at 200e700 hPa and is therefore referred to as a deep CAV. It has similar characteristics to the northeast China cold vortex.
Daily monitoring revealed the existence of cyclonic systems with a closed wind field mainly at 500e700 hPa, which had an important influence on the weather in southern Xinjiang; in the paper of Qin et al. (2013) these were referred to as the Tashkent vortex. From daily data obtained for the period 1971e2010, it was found that this type of vortex occurs more extensive region than Tashkent, and it also often occurs in Pamirs and the southern Xinjiang Basin, where it is defined as a shallow CAV with the following characteristics: 1) A closed cyclonic wind circulation center located in the region of 65e90 E and 35e42.5 N at 500 hPa corresponding to a cold center or apparent cold trough; 2) where the vortex in the above region is maintained for at least two or more days. This type of vortex mainly exists at 500e700 hPa and is similar to that of the southwest China vortex.
The deep CAV has two areas of high-frequency activity (Fig. 1) , the Kazakhstan hills (Sayan mountains and surrounding area) and the eastern area of the Aral Sea (Tashkent). The shallow CAV also has two areas of high-frequency, west and south of the Pamirs Plateau.
The deep CAV activity has a clear monthly distribution , as shown in Table 1 . The CAV appears most frequently in July (1.080 events), followed by June and August (with 0.975 and 0.825 event, respectively). April has the lowest frequency (0.250) and other months are 0.425e0.700. In relation to season (Table 2) , the frequency of deep CAV is the highest in summer (JuneeAugust) with a frequency of 2.875, followed by autumn (SeptembereNovember) with 1.850, then spring (MarcheMay) with a frequency of 1.500, and winter has the lowest frequency of 1.400. The annual average frequency is 7.625.
The duration and development of the CAV have an important influence on associated weather development. The average time of maturation is 3.83 d, and the duration of the CAV is at least 4 d (including its formation and dissipation). Overall, 56% of all vortexes reached maturation within 2e3 d, while 27.5% and 16.5% required 4e5 d and more than 5 d, respectively. During 1971e2010, the frequency of the CAV displayed an increasing trend at 0.7 event per decade.
The CAV has two different effects on the weather in Xinjiang. When associated with precipitation in Xinjiang, the CAV is known as a moist vortex. However, it can also lead to strong winds and low temperatures; when these lowtemperatures persist for a long time with little precipitation and there is sometimes no obvious effect on the weather in Xinjiang, these events are known as a dry vortex. According to the meteorological service in Xinjiang and based on the strength of the precipitation process and grade, when a moderate amount of precipitation is recorded at a minimum of six stations in Xinjiang within 24 h, the CAV is defined as a moist vortex, otherwise it is defined as a dry vortex. About 40% of CAV events are classified as moist, and the others are dry vortexes. The maximum proportion of precipitation in summer caused by the vortex system in Central Asia can reach 60.9%, with the proportion of precipitation due to a moist vortex being 37.8%, 35.0%, and 33.7% in autumn, spring, and winter, respectively ( Table 2) .
The shallow CAV occurs most frequently in May (Qin et al., 2013 ) (0.975), followed by January, April, June, September, and October, (with 0.625e0.850), and the occurrence frequency in other months is 0.275e0.550. It occurs most frequently in spring (1.975), followed by autumn (1.800), winter (1.500), and summer (1.225). The annual average frequency is 6.5. Maturation is 3.1 d, and 2e3 d for 86.5% of occurrences; whereas only 13.5% have a maturation period of more than 4 d. During 1971e2010, there was no obvious change in the frequency trend of the shallow CAV. Moist and dry vortexes accounted for 23.3% and 76.7% of all events, respectively ( Table 2 ). The shallow CAV event mainly leads to rainstorms, short-term heavy precipitation, and hail in southern Xinjiang. There are considerable differences between the temporal and spatial distribution of precipitation relating to both types of CAV.
Circulation and water vapor characteristics of CAV rainstorms
The circulation configuration of rainstorms due to the CAV has some common characteristics (Huang et al., 2012; Yang et al., 2012) as follows. 1) The South Asia High is typically represented by two anti-cyclone centers located over the Iranian Plateau and the QinghaieTibet Plateau, respectively. The subtropical trough between the two ridges develops southward. A subtropical westerly jet extends from Central Asia to Xinjiang in a southwestenortheast direction, resulting in cyclonic wind shear developing on the north side of the jet stream, which is a beneficial large-scale circulation for rainstorms.
2) The circulation configuration of two ridges and one trough, i.e., the development of the Ural ridge at middle and high latitudes, the maintenance of the ridge east of Xinjiang (or the Baikal ridge), and the movement of the deep CAV towards the east and southeast direction, is conducive to rainstorms (Fig. 2) . (3) A strong low-level east jet (LLEJ) extends from the Hexi Corridor in Gansu to Xinjiang at 700 hPa. This is always popular during rainstorms and it strongly converges with air flow from the other paths. The LLEJ disappears along with the end of a rainstorm. The extended position and strength of the LLEJ in each of the processes are significantly different in each rainstorm, which is a key influence system of Xinjiang rainstorm process. The differences in position, strength, direction extension, and configuration of the upper-, medium-, and lower-level circulation systems result in differences in the area of heavy rainfall.
There are three main types of water vapor transport path in rainstorms relating to the CAV (Huang et al., 2012; Yang et al., 2012; Chen et al., 2012; Zhang et al., 2013) (Fig. 3) . In the first type there are three main paths: the westerly jet, the southerly jet from the QinghaieTibet Plateau, and the easterly with the LLEJ. The convergence of these paths can cause rainstorms. Generally, the maximum water vapor transport occurs at the western boundary, but there is also an abundant water vapor input in the southern and eastern boundaries that is due to the following: development of the Baikal ridge at 700 hPa, the strong development and eastward movement of the CAV in the troposphere, and the gradual eastward movement of the Aral Sea ridge at 500 hPa. The second type of water vapor transport has four paths in the west, east, south, and north. The eastern water vapor guided by the LLEJ is derived from the Bay of Bengal, and the water vapor transport of the four paths strongly converges in eastewest and southenorth directions to trigger rainstorms. The amount of southern water vapor transportation is similar to that of the western path. In addition, there is an abundance of water vapor transportation from the QinghaieTibet Plateau to Xinjiang. The third type of water vapor transport mainly occurs on western and eastern paths. Water vapor transportation occurs in an eastewest direction that strongly converges in Xinjiang; however, the amount of eastern water vapor transported is more than that of the western path. The eastern water vapor transport, guided by the LLEJ, originates from the Baikal in the early period, and in the middle and later periods the water vapor is transported from the Bay of Bengal, the South China Sea, and the subtropical Western Pacific northward to eastern Gansu; part of the water vapor converges with that from the Baikal under the influence of the LLEJ, before being transported to Xinjiang. Excessive amounts of water vapor are generated by the eastward movement of the CAV in the troposphere, the northwest extension of the Western Pacific subtropical high, and the superposed configuration of the Baikal ridge (Fig. 3) . The probability of the third type occurring is minimal and can be considered as an extreme event, whereas the first two types are much more common. Studies of the meso-scale system characteristics of rainstorms caused by the CAV are scarce. However, some studies (Kong et al., 2011; Huang et al., 2012; Zhang et al., 2013) have found partly cloudy on the center of the cold vortex, but there is a wide range of cloud band on the south side of the cold vortex which mixed with the convection bubble cloud. The meso-a, b, and g scale convective cloud clusters are systems that directly influence rainstorms. Severe convection occurs on the maximum gradient region of the black body temperature (TBB) and corresponds with the upper-level divergence of the wind carrying water vapor. The minimum TBB can reach À45 to À30 C, it shows that the convective cloud clusters of rainstorms in Xinjiang is much weaker than the minimum TBB of À80 to À70 C in eastern China. Radar echo analysis has indicated that heavy precipitation is caused by a mixed precipitation echo. The Radar echo intensity is in the range of 35e50 dBZ, and the vertically integrated liquid (VIL) can reach 20 kg m À2 , while the echo top can reach 8 km. The echo intensity and VIL are much smaller than that of rainstorms in eastern China. 
Dynamical and thermal structures of the CAV
The CAV is a deep synoptic-scale system within the troposphere. The average geopotential heights at different developmental stages are strongly at middleehigh levels ( Fig. 4) with an equivalent barotropic structure extending to the high and low levels Li et al., 2015) ; the CAV is cold below 300 hPa and warm above 300 hPa. The vortex intensity during the stable and maintain periods is the strongest and coldest when the temperature trough basically overlaps with the height trough below 300 hPa, and this indicates that the vortex is relatively stable during sustained activity.
A longitude/latitude vertical cross-section of the vorticity in the vortex center (Fig. 5a) shows that its range and eastern side in the troposphere are a positive vorticity during the developmental stage. This maximum positive vorticity is located on the west side of the vortex center at 400e250 hPa. The troposphere, corresponding to the western side of the vortex center, represents an area of divergent motion, where the level below 700 hPa on the east side of the troposphere is the area of ascending divergent motion and that at 700e300 hPa is the area of descending convergence. The vortex range is maintained in a consistent positive vorticity distribution during its maintenance stage (Fig. 5b) , with little vorticity strengthening, and the vortex center coincides with the maximum positive vorticity center. To the east of the vortex (Xinjiang) there is a weak negative vorticity below 200 hPa, corresponding to convergence area at 700e400 hPa, and a strong divergence area above 400 hPa; the troposphere then manifests as an area of consistent ascending motion with the maximum ascending motion at 400e300 hPa, which corresponds to local rainstorms in western Xinjiang. There is a significant weakening of the positive vorticity of the vortex range, whereas the maximum positive vorticity center increases to 350e150 hPa and is located on the western side of the vortex. The weak divergence area is located below 500 hPa west of the vortex center, while the region above 500 hPa is the area of strong convergence, which manifests as a consistent strong descending motion with a maximum located below 500 hPa. The east of the vortex (Xinjiang) shows weak convergence below 400 hPa and strong divergence above 400 hPa, corresponding to consistent strong ascending motion, with a maximum at 400e250 hPa that corresponds to large-scale storms in Xinjiang. Yang and Zhang (2014) and Yang and Li (2015) reported that the CAV is a synoptic-scale system that develops in the middle and upper troposphere and extends to a lower level. It has been found that the eddy kinetic energy (K E ), the internal energy conversion, and the eddy kinetic energy inflow (BK E ) from the boundaries of the open atmosphere are quite strong at the middle and upper troposphere, and weak at a low-level. The temporal variation in the vertical distribution of the eddy available potential energy (A E ) and K E can reflect variations in the intensity and developmental stage of the vortex at different heights. The vertical transport of energy has an accelerating effect on vortex development: in the strong development period kinetic energy is transported from the lower level to the upper level, while in the maintenance period the kinetic energy is transported from the upper level to the middle and lower levels, resulting in development of a vortex in the middle and low troposphere.
Energy cycle and propagation of CAV
There is evident energy transport and exchange with the ambient atmosphere outside the region in each stage of the vortex; this is one of the critical factors involved in the continuous development and long duration of the CAV. At the developmental stage, cold air is continuously injected to Central Asia from the middle and upper-level ambient atmosphere. K E is from the conversion of A E and K E , which are input from the outside environment and are equivalent, and this leads to the rapid development of the vortex in the middle and upper levels. In the mature stage, the vortex is at a maximum in the middle level, and the energy conversion inside the system is very small. K E comes from the input of external K E , and internal K E in the region outputs to the outside, resulting in vortex equilibrium. At the weakening stage, vortex activities in the middle and upper levels clearly weaken, but activities at the low-level strengthen. The conversion of K E and the input of K E from the open boundary of the region are the sources of K E . A large amount of A E is transported to the outside and K E is then lost, resulting in gradual weakening of the vortex. During each period, the conversion term from the zonal kinetic energy to K E is very weak, which indicates that there is minimal energy conversion from barotropic instability.
In the developmental and prosperous periods of the vortex , the wave source at 200 hPa is located at the northeastern Atlantic. There are two wave activity flux vectors from the northeastern Atlantic: southeastward to the Mediterranean and eastward to eastern Europe. The westerly jet stream over the Mediterranean strengthens, which is due to energy dispersion of the Rossby wave from the northeastern Atlantic into the region. The wave flux convergence (shallow shadow) and divergence (deep shadow) appear alternately in the northeast Atlantic eastward to the Baikal, which indicates that an "accumulation" of energy enables the development and maintenance of the system. The system is then further supplemented and disperses downstream. The western side of the positive anomaly area of height in the Ural Mountains is the wave flux convergence, while the eastern side is the area of divergence. These areas become the "relay stations" for the energy propagating to the southeast and east. Additionally, the positive anomaly is stronger than that in the northeast Atlantic.
The wave activity flux clearly shows that there is another forcing mechanism strengthening the positive anomaly in the Ural, and it is evident that the wave vector from the region to Central Asia is almost perpendicular with that of the Asian subtropical jet stream (Fig. 6a) . The wave flux finally terminates on the southern side of the main part of the Asian subtropical jet and becomes the region of wave energy accumulation. The wave activity fluxes converge intensively in Central Asia and the Rossby wave energy is blocked, resulting in the development and maintenance of the CAV. The eastward continuous dispersion of energy in the Ural Mountains also enables maintenance of the Baikal ridge. In the weakening period, Rossby wave energy disperses from the positive anomaly center in the northeastern Atlantic to the southeast (Fig. 6b ) and enters the Asian subtropical westerly jet in the eastern Mediterranean. It then continuously disperses towards the east along the jet to maintain the CAV. At this stage, there is no energy dispersion from eastern Europe to Central Asia;
this is associated with a weakening of the jet in North America and the enhancement of the jet at the entrance of the Asian jet. The wave energy dispersion characteristics at 500 hPa are almost in accordance with those in the upper level; the difference is that the intensity of the positive and negative anomaly for the height and magnitude of the energy dispersion are weaker than that at 200 hPa. This indicates that the formation and maintenance of the circulation anomaly center may depend on the anomaly of the subtropical jet to a large extent.
Conclusions and discussion
(1) The CAV is the product of large-scale circulation in Central Asia. It occurs under particular conditions, and can be objectively classified as either deep or shallow.
The two high-frequency activity centers of the deep CAV are in Kazakhstan (the Sayan mountains) and east to the Aral Sea (the Tashkent region). The deep CAV occurs mostly in summer (particularly in July) and its occurrence increased significantly from 1971 to 2010. Obvious rainfall occurs in Xinjiang in relation to 40% of deep CAVs. The high-frequency activity center of the shallow CAV is at the Pamirs Plateau, and it occurs mostly in spring (particularly May); there was no significant change in its occurrence from 1971 to 2010. Obvious rainfall occurs in Xinjiang in relation to 23% of shallow CAVs. (2) The deep CAV has a cold core structure below 300 hPa and a warm core structure over 300 hPa, with maximum positive vorticity in the middle-upper troposphere. Energy conversion within the vortex and energy transportation with outside environment mostly takes place over 700 hPa. The conversion term from eddy available potential energy to eddy kinetic energy (K E ) and eddy kinetic energy inflow from open atmospheric region boundaries act as the main sources of K E; they play an equivalent role in bringing about the rapid development of the vortex. The anti-cyclone anomaly center over the northeastern Atlantic is the fountain of Rossby wave energy dispersion; Rossby waves propagate from the northeastern Atlantic to East EuropeeUrals (EAU) and the positive height anomaly over the EAU acts as a "relay station" for dispersing energy in Central Asia. Rossby waves emanate again from the EAU and propagate to Central Asia causing persistent CAV activity. (3) There are three typical circulation configurations of the deep CAV that cause rainstorms in Xinjiang. The first collocation is the Ural High at 500 hPa (the Baikal Lake high CAV). This causes westerly, easterly, and southerly water vapor transport, where the eastern transport is associated with a strong low-level easterly jet stream (LLEJ) extending from Gansu to Xinjiang; the three paths of water vapor transport result in rainstorms in the Tianshan Mountains and its northern piedmont regions. The second collocation is the southeastward extension of the Ural High (the development and southward movement of the CAV) the Xinjiang high, and development of the Qaidam low at 700 hPa; the water vapor paths are the westerly, the southerly from Tibetan Plateau, the northerly and the easterly guiding by LLEJ from Baikal Lake. The convergence of water vapor both in the eastewest and in the southenorth causes rainstorms in eastern Xinjiang. The third collocation is the Ural High, the eastward movement of the CAV and the northwestward extension of the Western Pacific subtropical high overlay the Baikal Lake high; water vapor transport from the east comes directly from the LLEJ but originally from Baikal Lake, the Bay of Bengal, South China Sea, and the western Pacific Ocean. The eastern transport of anomalous water vapor occurs mainly in the lower troposphere, while the transport of southern water vapor occurs mostly in the upper troposphere.
The different stages of the CAV can cause strong convective weather, including short-time rainstorms, thunderstorm, gales, and hail. The most noticeable characteristic is the mesoscale system induced by the CAV, which occurs suddenly and repeatedly (short-time rainstorms and hail repeatedly occur continuously for several days in one place). However, it is currently very difficult to monitor, forecast, and provide warnings for the strong convective weather caused by the CAV, and research is currently not being conducted on the formation mechanism and evolution laws of the meso-scale system using multi-source data and regional numerical models. Furthermore, intensive observations of the CAV have not yet been conducted, and research on the shallow-CAV is particularly scarce. Therefore, weather forecasters lack relevant meso-scale diagnostic and analytical technology and the ability to forecast the strong convective weather caused by CAV is poor.
In summary, this important system that influences the arid region of Central Asia, is currently not well-understood. Following the proposal for the construction of a Silk Road Economic Belt, the meteorological disaster prevention and reduction service is unable to meet construction industry demands to provide advice relating to the Core area of the Silk Road. Therefore, studies are required as follow: during the different developmental stage of deep and shallow CAV, research on mesoscale system structure and developing mechanism causing strong convective weather in Central Asia based on multi-source high temporal and spatial resolution observation data, objective analysis data and regional mesoscale numerical model; the relationship between strong convective weather and mesoscale system structure features; the trigger factors, classification monitoring and diagnostic, and nowcasting warning index of strong convective weather. Therefore, the understanding of mesoscale formation mechanism and strong convective weather occurring causes under background of CAV can promote forecast ability of strong convective weather in Central Asia arid zone. Such studies will have an important theoretical significance and practical application to the development of synoptic meteorology in Central Asia, the meso-scale systems in the arid region of Central Asia, and the ability to forecast severe convection in Xinjiang.
